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ABSTRACT

Bacteriophage SP-18 rendered competent cells of
Bacillus subtilis 168 (ind') susceptible to transfec-
tion by DNA from apparently unrelated phages. DNA
from SP-18 was also active as helper, but it was less
effective than the intact phage. Sheared SP-18 DNA.
retained its helper affect. Phage SP-18 inactivated
by ultraviolet irradiation helped SP-1O DNA, but not
LP-19 DNA, transfect competent 168 cells.
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I. INTRODICTION

This report deals with an investigation into the mechanism of the helper
effect observed with bacteriophage SP-18 that renders competent cells of
Bacillus subtilis 168 (ind-) susceptible to transfection by DNA from appar-
ently unrelated phages.1 When SP-18 DNA was sheared to the extent that
SP-18 infectious centers were no longer recovered from a mixture composed
of sheared SP-18 DNA, nonsheared LP-19 DNA., nonsheared SP-1O DNA, and
competent 168 cells, infectious centers of LP-19 and SP-10 were still
recovered. Phage SP-18 inactivated 99% by ultraviolet irradiation was
active as helper when mixed with SP-10 DNA and added to competent 168
cells, but it was not active as helper when the same procedure was followed
using LP-19 DNA.

Phage SP-10 adsorbs to and injects its DNA into 168 cells but it will
not propagate or form infectious centers in these cells. The helper

effect of phage SP-18 was utilized in an attempt to determine the fate
of SP-10 DNA inside a 168 cell. Cells of 168 infected with SP-10 produced
SP-10 infectious centers when they were subsequently infected with SP-18
phage. By use of this technique, we showed that SP-10 genomes remain
biologically active within 168 cells for a longer time under static condi-
tions than under aerated conditions.

I

I1. MATERIALS AND METHODS

Phages SP-18 and LP-19 were isolated from soil by Dr. Ivan D. Goldberg
in this laboratory. SP-10 is the transducing phage described by Thorn*.$
All phage suspensions were assayed on phage assay (PA) agar seeded with
spores of the appropriate indicator as described by Thorne.0 SP-1O was
propagated on IL. subtilis W-23-Sr according to Taylor and Thorns. Shaken
cultures in TY broth* were used for preparing SP-18 lysates on I. O.L~.s
W-23-Sr and LP-19 lysates on Bacillus Usr5lfomi 9%5A.

Phage DNA was extracted by a modification of the phenol technique of
Mandell and Hershey. 5  The DNA was dialyzed for 22 hours at 5 C against
0.15 M Racl - 0.015 M citrate (SSC) at pH 8.0 to rmove the phenol and
stored at 5 C. DNA was determined by the uethod of Burton.e All Mi5
preparations were tested for contamination with bacteria or viable ph&&e
by spreading samples on nutrient agar and by plating samples (after treat-
ment vith 50 jg of deozyribonuclease) in PA agar seeded with the appropriate
indicator.

J l • . . .. . _ " i[ lll l1 i
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Competent celid of B. subtilis 168 (ind) were grown by essentially the
same procedure as that of Anagnostopoulos and Spizizen.' Transfections
were carried out as described by Nwinn and Thorne.1

III. RESULTS AND DISCUSSION

SP-18 phage inactivated 99% by ultraviolet (UV) irradiation retained the
ability to help SP-10 DNA transfect competent B. subtilis 168 cells, but UV-
inactivated SP-18 would not help LP-19 DNA transfect competent 168 cells
(T-ble 1). The ratio of LP-19 infectious centers obtained using nonirradi-
ated SP-18 versus irradiated SP-18 as helper was 37:1, but the ratio of
infectious centers obtained for SP-1O was 1.6:1. The fact that transfec-
tion of competent 168 cells with LP-19 DNA was not helped by UV-inactivated
SP-18 phage, although transfection of competent 168 cells with SP-10 DNA
was helped, suggests that more than one marker on the SP-18 genome may
be required in helping LP-19 DNA transfect competent 168 cells.

TABLE 1. HELPER EFFECT OF SP-18 PH&GE INACTIVATED
BY ULTRAVIOLET IRRADIATIOýNi

b/

MO)I/ of Viable SP-18 DFA, •g/ml Infectious Centers/mi
- U + UV LP-19 SP-10 LP-19 SP-10

0 0 0 0 0 0
0.6 0 91 0 6.0 x 0 0
0 0.006 91 0 1.6 x 103  0
0.005 0 112 0 1.0 x 103  0
0.6 0 0 88 0 1.6x 103

0 0.006 0 88 0 1.0 x 103

0.012 0 0 97 0 1.0 x 101

a. Four al of SP-18 lysate contained in a glass petri dish were
irradiated for 45 sec on an oscillating platform with two 15-
watt (GE) germicidal lamps at a distance of 50 cm.

Recipient cells (2 x 108), DKA, and SP-18 phage as given were
incubated together in a final volume of t ml for 60 min. Follow-
ing treatment with deazyribonuclaase, the mixtures were assayed
for infectious centers in MIO agar seeded with spores of f.
1 chnifrzu 9945A. To assist in scoring LP-19 and SP-lO
infectious centers, SP-18 antiserum was added to the plating
mixtures to inactivate residual free SP-18 as well as that
released from SP-18 infectious centers.

b. NO! - multiplicity of infection.

:1
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When SP-18 DNA was sheared to the extent that SP-18 infectious centers
could no longer be recovered from a mixture composed of sheared SP-18 DNA,
SP-10 DNA or LP-19 DNA, and competent 168 cells,, infectious centers of
SP-10 and LP-19 were still produced (Fig. 1). The absence of SP-18 infec-

tious centers in the mixtures containing 2X sheared SP-18 DNA and SP-10
DNA or LP-19 DNA was probably due to competition between the DNA of the
two phages to be taken up by competent 168 cells,1's resulting in not
enough pieces of SP-18 genome getting into a 168 cell to recombine and
form a complete SP-18 genome. It is unlikely that SP-10 and LP-19
infectious centers obtained from mixtures containing 2X sheared SP-18
DNA (Fig. 1) resulted from the helper effect of complete SP-18 genomes
that had escaped being broken. Davison1 showed that when phage T4 DNA
(T4 and SP-18 are approximately the same size) was sheared with a force
only one-fifth az great as that used for 2[ sheared SP-18 DNA, the re".-

mentation coefficient of the T4 DNA was lowered from approximately 60S
to approximately 35S. According to Davison, "theoretical calculations
show that the rupturing stress applied by the viscous forces is maximal
in the center of the chain and increases as the square of the length of
the molecules. The molecules should thus break roughly in half when the
critical shear is applied, and a very long molecule should be halved
repeatedly until a fairly uniform population of chains stable to the
shear gradient is obtained." When long DNA molecules were subjected to
a shearing force, the formation of "half" and "quarter" molecules of DNA
was substantiated by Burgi and Uershey° and by Green."1 The dose-response
curves for sheared and nonsheared SP-18 DRA are given in Figure 2. The
slope of the curves resulting from sheared SP-18 DNA was approximately
2.5; the slope of the curve resulting from nonsheared SP-18 DNA was
approximately 1.0. These results indicate that (i) the interaction of ¶

a single SP-18 DNA molecule with a competent 168 cell resulieu in an
infectious center when nonsheared SP, 18 DNA was used and (ii) the
cooperation of more than one DNA molecule was required for the establish-
ment of an infectious center when 2[ or 3U sheared SP-18 DYA was used.001 "
As the concentration of the nonsheared SF-18 DMA was lowered, the slope
of the dose-response curve increased to approximately 2.5. The increase
in slope was probably caused by the sensitivity of high molecular weight
DNA to shear degradation in dilute solution.1 SP-18 and LP-19 infectious
centers were recovered from a mixture containing diluted SP-18 DNA (0.8
tLg/ml), 1P-19 DNA (83 pg/nl), and competent 168 cells, but no SP-18
infectious centers were obtained (Fig. 1) from a mixture of 21 sheared
SP-I8 DNA (100 pg/nl), LP-19 DNA (83 gg/ml), and competent cells. These
results indicate that helper-dependent trawsfection can be initiated by
the presence of only a small piece of SP-18 Sonom within a competent "•
cell.
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To determine if the SP-10 DNA war degraded within 168 host celis, we

performed experiments in which 168 cells were infected with SP-10 phage
and permitted to incubate for 90 min before SP-18 helper phage was added
in order to rescue any intact SP-10 genomes and permit them to develop
into SP-10 infectious centers (Fig. 3). One per cent of the original number
of SP-10 infectious centers were rescued from 168 cells incubated with
aeration, but 77% were rescued when a sample of the same infection mixture
was incubated statically. The rescue of SP-1O infectious centers from
SP-10-infected 168 cells indicated that a significant number of biologically
active SP-10 genomes survived within 168 cells. The latent period for
SP-10 in W-23-Sr is 55 minutes, 1 3 and, assuming that SP-10 has a similar
latent period in 168, the degradation of SP-10 DNA within 168 cells was
probably not responsible for the inability of SP-10 to form infectious
centers. To determine the need for helper SP-18 phage for uptake of
SP-10 DNA or LP-19 DNA, each DNA was incubated with competent 168 cells,
and, at various intervals, samples were treated with deoxyribonuclease
and infected with SP-18 phage. Because we were able to rescue biologically
active SP-10 or LP-19 genomes within the 168 cells, we concluded that the
helping effect of SP-18 was not necessary for the uptake of SP-10 DNA or
LP-19 DNA into competent 168 cells.

The mechanisms of helper effect that we are considering are: (i) SP-18
could produce some product that permits SP-1O or LP-19 to develop within
168 cells, comparable to the finding of Kozinski and Kozinski1 ' that a
DNA polymerase produced by T4 phage was able to replicate the DNA of a
polymerase-negative mutant; (ii) SP-18 could neutralize a r pressor pro-
duced by 168 that prevents the development of SP-10 or LP-19; and (iii)
SP-10 or LP-19 may find it impossible to compete in actively metabolizing
168 cells. SP-18 could inhibit the host metabolism and thus permit matura-
tion of SP-1O or LP-19. We believe the latter alternative to be unlikely
because SP-3, which we found to be as efficient a helper as SP-18, does
not inhibit the metabolism of 168 cells.*

*,Romig, W.R., personal communication.
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Figure 3. Rescue of SP-10 Phage from B. subtilis 168 Cells
with SP-18 Helper Phage. Cells of B. subtills
168 were infected with SP-1O phage at an WOt of
2. Residual SP-10 phage was- inactivated with
SP-10 antiserum. One-half of the infected cells
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intervals, 1-ml samples were infected with SP-18
phage at an initial NOT of 16 and incubated for
60 min. The samples were assayed for infectious
centers in NIO agar seeded with spores of ~
lichenifoX.is 9945A. To assist in scoring SP-10 -
infectious centers, SP-18 antiserum was added to
the plating mixtures to inactivate residual free
SP-18 as well as that released from SP-18 infectious
centers. jI

6!
1-



11 5
I

LITERATURE CITED

a

1. Quinn, D.D.; Thorne, C.B. 1966. Helper phage-dependent transfection
in Bacillus subtilis. Biochem. Biophys. Res. Coimm. 25:260-266.

2. Thorne, C.B. 1962. Transduction in Bacillus subtilis. J. Bacteriol.83: 106-111..

3. Taylor, N.J.; Thorne, C.B. 1966. Concurrent changes in transducing
efficiency and content of transforming deoxyribonucleic acid in
Bacillus subtilis bacteriophage SP-10. J. Bacteriol. 91:81-88.

4. Romig, W.R. 1962. Infection of Bacillus subtilis with phenol-
extracted bacteriophages. Virology 16:452-459.

5. Mandell, J.D.; Hershey, A.D. 1960. A fractionating column for
analysis of nucleic acids. Anal. Biochem. 1:66-77.

6. Burton, K. 1956. A study of the conditions and mechanism of the
diphenylamine reaction for the colorimetric estimation of desoxy-
-ibonucleic acid. Biochem. J. 62:315-322.

7. Anagnostopoulos, C.; Spizizen, J. 1961. Requirements for trana-
formation in Bacillus subtilis. J. Bacteriol. 81:741-746.

8. Reilly, B.E.; Spizizen, J. 1965. Bacteriophage deoxyribonucleate

infection of competent Bacillus subtilis. J. Bacteriol. 89:782-790.

9. Davison, P.F. 1959. The effect of hydrodynamic shear on the
deoxyribonucleic acid from T2 and T4 bacteriophages. Proc. Nat.
Acad. Sci. 45:1560-1568.

10. Burgi, E.; Hershey, A.D. 1963. Sedimentation rate as a measure
of molecular weight of DNA. Biophys. J. 3:309-321.

11. Green, D. MacDonald. 1966. Physical and genetic characterization
of sheared infective SP-82 bacteriophage DNA. J. Hol. Biol. 22:15-22.

12. Green, D.M. 1964. Infectivity of DNA isolated from Bacillus
subtilis bacteriophage, SP82. J. Mol. Biol. 10:438-451.

13. Bott, K.; Strauss, B. 1965. The car.ier state of Bacillus subtilis
infected with the transducing bacteriophage SP-10. Virology 25:212-225.

14. Kouinski, A.W.; Kozinski, P.B. 1967. Early intracellular events
in the replication of T4 phage DNA: I11. Random utilization of
phage-coded enzymes by simultaneously infecting phage. Proc. Nat.
Acad. Sci. 57:1705-1711.



Unc lassi fled

DOCUMENT CONTROL DATA - R & D

1. ORISINA1i tIiAc TI VITV (CS~aeI Sft8Vet) a.. REPORT VuCUamfy CLAOSW('tATION

Department of the Army GROPFort Detrick, Frederick, Maryland, 21701

a. RKPORT TITLE2

e Mechanisms of Helper Phase - Dependent Transfection in Bacillus subtilis

I!
S. AU THOR981 /'Pftt am* A~a hdelj &ndot.e Rm)

Darrel D. Qvinn
WPlliaT D. Lawton

January 1968 15 14
S& CONTRACT OR SRANT NO. OIL ORIGIMATOWS REPORT NHEENRISA

€PROJECT NO. 1C014501B71A Technical Manuscript 428

M6OTR REPORT NOISI) (A- SW-ro= IWOa Me

I0. VIITIOUTION STATEMENT

Qual:fied requesters may obtain copies of this publication from DDC.
Foreign announcement and dissemination of this publication by DDC is not authorized.
Release or announcement to the public is not authorized.
11. SUPPLEMENTARY NOTES IS. SPONSORINO MIITARY ACTIVITY

Departmcnt of the Army
Fort Detrick, Frederick, Maryland, 21701

Bacteriophage SP-18 rendered competent cells of Bacillus subtilis 168 (ind)
susceptible to transfection by DN from apparently unrelated phages. DVA from
SP-18 was also active as helper, but it vas less effective than the intact phase.
Sheared SP-18 DNA retained its helper effect. Phage SP-18 inactivated by ultra-
violet irradiation helped SP-10 DNA, but not LP-19 DNA, transfect competent
168 cells.

14. tey Words

eatq. lu subtilis
*Bacte•iophages
*DNA
Trans fect ion

DD omeis 4 7 3  ~ ISUnclassified

S.... I aIII


